Dark matter (DM) as a pressureless perfect fluid provides a good fit of the standard ΛCDM model to the astrophysical and cosmological data. In this paper, we investigate two extended properties of DM: a possible time dependence of the equation of state (EoS) of DM via Chevallier-Polarski-Linder parametrization, and the non-null sound speed. We analyze these DM properties using the data from Planck cosmic microwave background (CMB) temperature and polarization anisotropy, the local value of the Hubble constant from the Hubble Space Telescope, and some large scale structure information from the abundance of galaxy clusters, which are in tension with CMB data within the minimal ΛCDM model. First, we study the minimal ΛCDM model plus the extended properties of DM, and find more stronger (more closer to the null value) constraint on the EoS of DM, and a weaker constraint on the sound speed, when compared to the recent results in the literature. As a second model, we extend the first case to include also neutrinos properties, and find that this case yields weaker constraints on both the extended properties of DM, in comparison with the results in the literature. Further, we notice that inclusion of neutrinos does not affect extended parameters of DM significantly. Also, we estimate the warmness of DM particles as well as its mass scale, and find a lower bound: ∼ 500 eV -600 eV from our analyzes. Lastly, in all the analyzes carried out here, the EoS and sound speed of the DM are non-null at 68% CL, but no significant evidence can be stated beyond the standard case, and we conclude that the present observational data favor DM as a pressureless fluid. 
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I. INTRODUCTION
Dark matter (DM) is a mysterious matter component of the Universe, and is expected to account for one-forth of the energy density of the Universe today. Over the years, many attempts have been made via direct and indirect searches to detect the particles that make up the DM but nothing convincing and conclusive is found so far. However, there is a plenty of physically motivated candidates of DM [1] , all are assumed to behave as a pressureless perfect fluid usually modeled as "Cold Dark Matter" (CDM). This CDM is a part of the standard ΛCDM model in addition to the major component "cosmological constant" Λ associated to dark energy (DE) . In the standard model, CDM is considered as pressureless perfect fluid, non-interacting (except gravitionally) having zero equation of state (EoS) parameter as well as zero sound speed and zero viscosity. The consideration of CDM in the standard model leads to many small scale problems. For instance, the observed halo properties differ from the predictions of the standard ΛCDM model which might be an indication that DM being more complex than simply CDM. Many observed halo density profiles have cores in their centers rather than cusps [2] , and some have substructures [3] that are at odds with the standard ΛCDM simulations, and suggest that DM might * Electronic address: suresh.kumar@pilani.bits-pilani.ac.in † Electronic address: rafadcnunes@gmail.com ‡ Electronic address: sky91bbaulko@gmail.com not be collisionless. Also, the low observed mass function of small halos seems to be in a serious disagreement with the results from the standard ΛCDM simulations [4, 5] . The proposed candidate which might alleviate many of small scale issues is the warm DM (WDM) which is not distinguishable from CDM on larger scales. Several authors have investigated the generalized or extended properties of DM. In [6] , it is claimed that warmness of DM can successfully reproduce the astronomical observations from small to large scales. To test the warmness of DM, the authors in [7] have investigated EoS parameter of DM using cosmic microwave background (CMB), Supernovae type Ia (SNe Ia), and large scale structure (LSS) data with zero adiabatic sound speed and no entropy production. The authors in [8, 9] have constrained the EoS of DM by combining kinematic and gravitational lensing data. The warmness of DM have also been investigated in interacting and non-interacting scenarios of DM and DE by assuming constant EoS of both DM and DE in [10, 11] . In [12] , many models of DM and DE have been constrained by assuming constant and variable EoS parameter of both, DM and DE, where the authors found that warmness of DM is not favored over coldness of DM by observational data of CMB, SNe Ia and baryonic acoustic oscillations (BAO). The authors in [13] , have investigated fluid perspective of DM and DE via variable EoS parameter of both, and found no significant deviation from CDM scenario whereas the constraints on DM EoS parameter were tighter than those were obtained in previous similar studies [14, 15] . Almost in all above mentioned works, the authors have focused on constraining EoS parameter of DM in different forms to trace the physical nature of it while assuming its other properties like sound speed and viscosity to be zero, either for simplicity or to avoid large number of model parameters.
Recently, an extensive investigation of the generalized properties of DM (initially proposed in [16] ), and their possible effects on CMB and matter power spectra have been discussed in [17] . The authors in [18] have found strong observational constraints on generalized DM parameters like its EoS parameter, sound speed and viscosity with recent observational datasets. Similar constraints on generalized DM properties have also been found in [19] . Most recently, generalized DM properties have been investigated in [20] to reconcile the tension between Planck CMB and weak lensing observations. In [21] , the authors have tested the inverse cosmic volume law for DM by allowing its EoS to vary independently in eight redshift bins from z = 10 5 to z = 0 by using the latest observational data, and found no evidence for non-zero EoS parameter in any of the eight redshift bins.
On other hand, it has become now a well known fact via several neutrino oscillation experiments that neutrinos have mass, at least as one massive state. Although the absolute neutrinos mass scale and the mass ordering of the three neutrinos species can not be determined by the current experiments, it remains an open challenge in particle physics, and needs to be resolved. The crucial property of neutrinos is that in early Universe they are relativistic, and contribute to radiation density. However, at late times, when they turn non-relativistic, they contribute to total matter density. Thus, they play an important role in the background evolution as well as of structure formation with direct implications on CMB, LSS and nuclear abundances produced in the BBN epoch (see [22] [23] [24] for review).
In the recent past, it has been reported that Planck CMB observations and LSS observations are not in agreement with each other [25] [26] [27] [28] . The well-known and widely discussed discrepancies in the literature are in the measurements of Hubble constant H 0 and amplitude of present matter density σ 8 , commonly known as H 0 − σ 8 tensions. In recent years, many physical mechanisms have been investigated on alleviating these tensions with different perspectives [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] .
In this paper, we are motivated to place robust and accurate constraints on some extended properties of DM such as its EoS parameter and sound speed, which are helpful to characterize physical nature of DM, with recent cosmological observations including data from CMB, BAO, Canada-France-Hawaii Telescope Lensing Survey (CFHTLenS), Planck Sunyaev-Zeldovich (SZ) and Hubble Space Telescope (HST). For this purpose, we first consider the minimal extension of standard ΛCDM model by assuming DM as a general fluid rather than a simple pressureless perfect fluid. We further consider the presence of standard neutrino mass scheme following normal hierarchy with two massless neutrinos and a massive one with the minimum mass 0.06 eV, and taking N eff (the effective number of relativistic degrees of freedom) as a free parameter. In both cases, the role of DE is played by the cosmological constant Λ, and sound speed of DM is taken non-zero whereas viscosity of DM is taken zero.
The paper is organized as follows: In the next section, cosmological models with the extended DM properties are presented. Section III presents the methodology and the data sets that are used to constrain the free parameters of the models under consideration. In Section IV, the observational constraints are derived, and the results are discussed in detail. The last section carries the concluding remarks of this study.
II. MODELS WITH EXTENDED PROPERTIES OF DARK MATTER AND NEUTRINOS
We consider Friedmann-Robertson-Lemaitre-Walker (FLRW) Universe, where the background expansion is governed by the so-called Friedmann equations (in the units c = 1):
where H = 1 a da dt is the Hubble parameter with a being the scale factor of the Universe; t is the cosmic time, and G is the Newton's gravitational constant. Further, ρ i and P i are the energy density and pressure for the ith species, where the label i runs over the components i = γ, ν, b, dm, Λ, representing photons, neutrinos, baryons, DM and cosmological constant, respectively. In what follows, a subindex 0 attached to any parameter denotes the value of the parameter at the present time.
In this work, we relax the condition that entire DM is a purely a pressureless non-relativistic component. For this, we assume, in principle, that EoS of the DM has a temporal dependence through the cosmic evolution. In order to quantify that we choose the functional form of the Chevallier-Polarski-Linder (CPL) parametrization [41, 42] for the EoS of the DM, given by
where w dm0 and w dm1 are free parameters (constants) to be fixed by observations. For w dm0 = w dm1 = 0, we recover w dm = 0. We assume that DM is described by a perfect fluid, and as usual quantified by the energymomentum tensor with density ρ and isotropic pressure P : T µν = (ρ + P )u µ u ν + P g µν , where we have disregarded possible anisotropic stress tensor contribution. It is well known that anisotropic stress vanishes for perfect fluids or minimally coupled scalar fields. Taking P dm = w dm ρ dm and the conservation law ∇ µ T µν = 0, we haveρ
In a general gauge, the line element of the perturbed FLRW metric is given as
where φ, B, ψ, and E are gauge dependent scalar perturbation quantities. Here, let us fix to the synchronous gauge, where B = φ = 0, ψ = η and k 2 E = −h/2 − 3η. We follow the notations as used in Ma and Bertschinger [43] . Assuming small perturbations in first order of δT µν dm = 0, we finḋ
Here an over dot stands for the conformal time derivative, and H is the conformal Hubble parameter. As usual, we work in a comoving synchronous gauge, in which the DM velocity divergence vanishes. The quantity c 2 s,ad denotes the adiabatic sound speed, and is defined as
The negative EoS of barotropic fluid can cause instability in perturbations due to imaginary adiabatic sound speed. To avoid this instability, we assume non-negative effective speed of sound and use entropy perturbations characterized by w dm Γ dm in the rest frame of DM: w dm Γ dm = (c 
2 yields a gaugeinvariant form for the entropy perturbations. In the present work, we have taken c 2 s,eff = const as free model parameter since it describes the microscale property of DM particles. If it deviates significantly from zero in light of the recent cosmological observations, it can be interpreted as possible evidence that DM is more complicated than simple CDM. Therefore, it would be an indication that DM possesses more general properties than CDM or the behaviour of gravity is different in the framework of general relativity. In what follows, we denote c Considering the above given background and perturbation evolution, in the next sections, we will present the analysis of the following two cosmological models which are the extensions of the standard ΛCDM model via the extended properties of DM and neutrinos.
(i) First we analyze the minimal ΛCDM baseline [44] plus the extended DM parameters (w dm0 , w dm1 , c 2 s,dm ) as described above. We denote this model by ΛWDM, and its baseline free parameters set is
(ii) In the second case, besides the base parameters of the previous case, we consider the presence of 3 neutrinos species, where the mass ordering of the active neutrinos is fixed to the normal hierarchy with the minimum masses: m ν = 0.06 eV. Also, we take N eff as a free parameter, in order to verify any possible new correlation of N eff with the DM parameters (w dm0 , w dm1 , c 2 s,dm ). Hereafter, we call it Λ ν WDM model, and its parameter space is
III. DATA SETS AND METHODOLOGY
To constrain the free parameters of the models under consideration, we use the recent observational data sets, as described in the following:
CMB: CMB temperature and polarization data from full Planck-2015 [44] comprised of likelihoods of low-l temperature and polarization likelihood at l ≤ 29, temperature (TT) at l ≥ 30, cross correlation of temperature and polarization (TE) and polarization (EE) power spectra. We also include Planck-2015 CMB lensing power spectrum likelihood [45] .
BAO: Four probes of baryon acoustic oscillations distance measurements to break the parameter degeneracy from other observations. These four measurements include the Six Degree Field Galaxy Survey (6dFGS) at redshift z eff = 0.106 [46] , the Main Galaxy Sample of Data Release 7 of Sloan Digital Sky Survey (SDSS-MGS) at redshift z eff = 0.15 [47] , the LOWZ and CMASS galaxy samples of Data Release 11 (DR11) of the Baryon Oscillation Spectroscopic Survey (BOSS) LOWZ and BOSS-CMASS at redshifts z eff = 0.32 and z eff = 0.57, respectively [48] . These data are summarized in [49] .
HST: Recently measured new local value of Hubble constant, H 0 = 73.24 ± 1.74 km s −1 Mpc −1 by Hubble Space Telescope (HST), as reported in [50] .
CFHTLenS: The galaxy cluster abundance measurement which encodes a lot of information about growth of structure on larger scale, is parametrized by
β , where σ 8 is the present amplitude of density fluctuations in spheres of radius 8h −1 Mpc. α and β are the adopted/fit parameters. We use the constraint σ 8 (Ω m /0.27) 0.46 = 0.774 ± 0.040 from weak gravitational lensing data collected by Canada-FranceHawaii Telescope Lensing Survey (CFHTLenS) [51] .
Planck-SZ:
The constraint σ 8 (Ω m /0.27) 0.30 = 0.782 ± 0.010 derived by Planck Sunyaev-Zeldovich (SZ) cluster mass function [52] .
We have implemented both the models in the publicly available CLASS [53] code, and used the MetropolisHastings algorithm in the parameter inference Monte Python [54] code with uniform priors (as displayed in Table I ) on the model parameters to obtain correlated Monte Carlo Markov Chain samples. Note that we have kept w dm0 ≥ 0 and w dm1 ≥ 0 so that dp dm /dρ dm ≥ 0, which is a necessary condition for the body (the fluid) to be stable according Le Chatelier's principle. Also, the EoS of DM must satisfy the causal constraint for a perfect fluid, c s ≡ dp dm /dρ dm ≤ 1, so that the sound signal does not propagate faster than light. So in our results, we expect small corrections on the extended DM parameters w dm0 , w dm1 and c We have added BAO data to Planck CMB data in order to break degeneracy on the full parametric space, and to reduce errors on model parameters. Therefore, the combination CMB + BAO is considered as minimal base dataset in our analysis. Further, we have included HST, CFHTLenS and Planck-SZ data, in order to investigate how these data, that are in tension with the minimal ΛCDM, can affect the extended DM properties (w dm0 , w dm1 , c 2 s,dm ) in the framework of the models under consideration. For, assuming the standard ΛCDM model baseline, the value of Hubble constant H 0 = 66.27 ± 0.66 km s −1 Mpc −1 from Planck CMB measurement [44] is about 3σ lower than the current local measurement H 0 = 73.24 ± 1.74 km s −1 Mpc −1 as reported in [50] . This discrepancy between both measures has been widely discussed in the literature as a possible indication of physics beyond the minimal ΛCDM model. Another cosmological tension arises from the predictions of the direct measurements of LSS and CMB for the amplitude of present matter density fluctuations σ 8 . The results from Planck CMB yield the value of σ 8 = 0.831 ± 0.013 [44] , which is about 3σ and 2σ higher than the values given by the measurements of CFHTLenS [51] and Planck-SZ [52] , respectively. 
IV. RESULTS AND DISCUSSION Table II and III summarize the observational constraints on the full baseline of the ΛWDM and Λ ν WDM models, respectively, introduced in Section II, for the five combinations of data sets: CMB + BAO, CMB + BAO + HST, CMB + BAO + CFHTLenS, CMB + BAO + SZ and CBHCS. Fig. 1 and 2 show the two-dimensional marginalized distributions for some free parameters of the ΛWDM and Λ ν WDM models, respectively.
From Table II and Table III , we can see that the first six baseline parameters are in good agreement with the standard ΛCDM predictions [44] . For ΛWDM model, we notice that DM EoS parameters w dm0 and w dm1 are very close to zero with O(10 −3 ) in all cases of the data combinations used in the analysis, as expected. We have obtained tight constraints w dm0 = 0.00030 −0.00150 , both at 68% CL from CMB + BAO + SZ and CBHCS, respectively. We have found the constraints on c 2 s,dm with almost the same mean values at 68% CL which are of 10 −3 order of magnitude with all data combinations used in this analysis. Also, see Fig.  2 , which shows the two-dimensional marginalized probability distributions of DM parameters with all data combinations. We notice that the inclusion of massive neutrinos weakens the constraints in the presence of LSS datasets, for instance, the constraints on c 2 s,dm are weakened nearly about an order of magnitude. We have found m ν < 0.72 eV for the neutrino mass scale at 99% CL in the analysis with full data combination: CBHCS. From Table III [50] whereas the vertical light red band corresponds to σ8 = 0.75 ± 0.03 [52] .
of m ν to the larger mass scales when compared to the other data sets. It is important and interesting to note that in all the analyzes carried out here, m ν is not null until 95% CL. Also, we note that all the best fit mean values are m ν > 0.1 eV, in principle, to be able to privilege the inverted hierarchy, but error bars even at 68% CL are fully compatible with values less than 0.1 eV. Thus, our results do not exclude the normal hierarchy, which in principle has been favored by the current data. In general, the neutrino mass scale within the models analyzed here has shown little larger values than usually observed by the standard cosmological model. Concerning to N eff within the Λ ν WDM model, we note that there is no significant variation on its standard value, and that N eff as well as mν are weakly correlated with w dm0 , w dm1 and c 2 s,dm , as shown in Fig. 2 . Thus, neutrinos properties may weakly influence DM properties. Fig. 3 shows the parametric space in the plane H 0 -σ 8 for ΛWDM (left panel) and Λ ν WDM (right panel) models from the five different data combinations under consideration. In case of the Λ ν WDM, we note that a larger value of H 0 (comparing to ΛCDM) is obtained with mean value about H 0 = 69.5 km s −1 Mpc −1 for CBHCS and CMB + BAO + SZ, where these analyses are free of the hard prior on H 0 imposed by the HST data. But, on the other hand, the results with CFHTLenS and SZ data, are biased to put hard prior on σ 8 . In general, analyzing ΛWDM model in the light of these data in tension with ΛCDM, we see that ΛWDM model does not reconcile the tensions when analyzing the statistical regions free of the hard priors on H 0 and σ 8 , imposed by HST, CFHTLenS and SZ data. The results with CMB + BAO + SZ and CBHCS, are compatible with the tension region on σ 8 , but it is due the S8 plane prior via SZ data, and not due to the DM extended properties within the considered model. Following the similar arguments for ΛWDM model, we see that the Λ ν WDM model also does not reconcile the H 0 − σ 8 tensions when analyzing the statistical regions free of the hard priors imposed in the analyzes with HST and CFHTLenS and/or SZ.
A. Quantifying the warmness
Without loss of generality, the warmness of DM particles can be estimated by its dynamic character determined by w dm (a). Relaxing the condition w dm ≡ 0 and going beyond the non-relativistic limit, we can write
where T dm is the DM temperature [57] . Assuming that DM particles interact with other species only gravitationally, we have T dm = T dm0 a −2 , where T dm0 is the temperature of DM today. Further,
Thus, from our estimates of w dm0 , and for a given m dm scale, T dm0 can be easily calculated.
Within the minimal ΛCDM model, DM particles are assumed to be cold in the strict non-relativistic limit T dm /m dm −→ 0. Thus, we can think a possible deviation from this limit as a test for the warmness of DM particles. On the other hand, the relativistic limit (for a possible hot species) is determined by T dm /m dm 1. Thus, a warm species must lie between these limits, and here we can quantify it by measuring w dm (a). For any possible evidence of w dm (a) = 0, we can relax the condition that DM is purely cold, with associated background temperature today given by (9), quantifying its warmness.
In order to quantify the warmness precisely, we need to determine m dm as required in (9) . Following standard procedures, the fitting formula from Boltzmann code calculations for the free-streaming on matter distribution is given by a relative transfer function [58] :
where the parameter α is given by
This fitting function applies to the case of thermal relics, and we use it to estimate m dm values. For example, let us choose α = 0.1 h −1 Mpc [59] , though, in general, α should be fit together with other free parameters of the model baseline. Taking the above mentioned value of α to estimate m dm seems reasonable for a lower bound estimate of m dm . In Table IV , we summarize the corresponding lower bound on DM mass for each analysis performed here. For all data combinations, we notice that m dm > 0.4 keV, thus compatible with the Tremaine-Gunn bound [60] , that allows structure formation. In [61] , the authors constrained the mass of a thermal warm DM particle (assuming to account for all the DM content, like here) to be m dm > 0.75 keV. We see that we have also deduced the m dm values in the same order of magnitude. Other borders on warm DM are discussed in [62, [64] [65] [66] [67] [68] [69] [70] . Now, an estimate on the warmness of DM can easily be obtained by evaluating the DM temperature today, T dm0 , using (9) , and also the evolution DM temperature with the cosmic time, given by T dm (a) = T dm0 a −2 . It is important to note that from our five analyses, we observe w dm non-null within 68% CL. Thus, the warmness of the DM particles should also be non-null within of this statistical limit. For larger statistical regions than 68% CL, T dm0 is expected to be compatible with a null value. Thus, from all the analyses carried out here, we find that the EoS as well as the sound speed of the DM are nonnull at 68% CL, but no significant evidence can be stated for the warmness of DM via these parameters since their statistical ranges are too close to the null value, and we conclude here that DM is consistent with the minimal ΛCDM model, as a pressureless fluid.
B. Comparison with previous studies
The DM parameters have been constrained by many authors in the literature as mentioned in the introduction. First, we briefly mention the results obtained in previous similar studies, and then do the comparison of our results with the same.
The authors in [7] have constrained constant EoS of DM using CMB, SNe Ia and LSS data, and found |w dm0 | < O(10 −3 ) at 99.7% CL, in case of zero entropy production by DM. The authors in [14] have placed the constraints: |w dm0 | < O(10 −1 ) at 95 % CL with zero sound speed and viscosity of DM using WMAP data. The authors in [15] have found |w dm0 | < O(10 −3 ) at 99.7 % CL using Planck 2013, BAO, SNe Ia and WiggleZ datasets. In [18] , DM parameters namely, w dm0 , c ), both at 99.7 % CL. Similar constraints on DM parameters have also been found in [19] .
Most Recently, the authors in [20] have found the constraints |w dm0 | < O(10 −3 ) and c 2 s,dm < O(10 −6 ), both at 68 % CL. These constraints on DM parameters are similar to those obtained in [18] . The EoS of DM has been constrained in [21] by allowing it to vary in eight redshift bins from z = 10 5 to present time, and it has been found that EoS of DM does not deviate significantly from the null value at any time.
In our analysis for the ΛWDM model, we have obtained |w dm0 | < O(10 −3 ) and c 2 s,dm < O(10 −2 ), both at 68 % CL with all data combinations used in our analysis except for the combination CMB + BAO + HST where the constraint on c 2 s,dm is better by an order of magnitude. Thus, our constraint on w dm0 is stronger compared to [14] , and is in good agreement with almost all above mentioned similar works, whereas we obtain a weaker constraint nearly about a factor of three on sound speed of DM with all data combinations.
Assuming Λ ν WDM model, we have obtained weaker constraints on DM parameters: |w dm0 | < O(10 −2 ) and c 2 s,dm < O(10 −3 ) at 68 % CL with all data combinations except for the combination CMB + BAO + SZ where the constraint on |w dm0 | is weaker by an order of magnitude. Thus, the Λ ν WDM model yields weaker constraints on both DM parameters w dm0 and c 2 dm investigated in this work by a factor of nearly one and three, respectively in comparison to works mentioned above aimed to constrain generalized DM properties. Thus, the inclusion of neutrinos to the ΛWDM model does not affect DM parameters significantly with all data combinations used in our analysis. Table III . Table III .
C. Effects on CMB TT and matter power spectra
In this study, we have considered the possibility of w dm > 0. It should generate similar effects on CMB TT to that when considering changes over ω dm (dimensionless DM density), modifying the heights of the first few acoustic peaks. In fact, w dm > 0 should increase the DM density at the time of radiation-matter equality and, therefore modify the modes that enter the horizon during radiation domination, leading to a suppression around the acoustic peak scales. Also, the acoustic peaks in the CMB depend on the angular diameter distance to the last scattering, where it is influenced by the change in the expansion rate H, which is modified here by the presence of the dynamical w dm term. As w dm increases, the angular diameter distance to the last scattering surface decreases such that features are shifted to smaller angular scales. Larger values for w dm would result in behaving more like radiation for DM, generating large acoustic driving and boosting on the CMB peaks, with prevision that should be inconsistent with observations. Also, the major indirect evidence for DM comes from the CMB peaks. The possible absence of CDM particles would introduce large acoustic driving, boosting the peak amplitude, which can also lead to a spectrum that completely disagree with observations. That is why when considering data from CMB, in general, very strong limits like w dm 1 are observed. The effective sound speed c 2 s,dm parameter will influence the spectrum on acoustic peak similar to w dm , where c 2 s,dm > 0 would cause the amplitude of the acoustic peaks to decrease relative to the large scale anisotropy. At large scales, where the integrated Sachs-Wolfe effect is predominant, the main effect of c 2 s,dm > 0 is to increase the gravitational potential decay after recombination until the present time, causing an increase to the anisotropy for l < 40. Changing w dm > 0 has very mild effect on the integrated Sachs-Wolfe, compared to c 2 s,dm , but both parameters with positive variation yield the same effects on large scales. Fig. 4 shows how the parameters, w dm0 , w dm1 and c 2 s,dm can affect the CMB TT spectrum. We note small and significant deviations on the minimal ΛCDM model as described above, where the suppression effects on the acoustic peaks (i.e., effects for l > 50 ) are more noticeable. Possible effects to shift the spectrum into the direction to smaller angular scales are minimal due to very small corrections on the angular diameter distance at last scattering as the effects of w dm0 , w dm1 1 are very small.
On the other hand, the LSS of the Universe also depends directly on the DM properties. As pointed out in [16] , the clustering scale becomes independent of the DM EoS, and DM extended properties should change only the amplitude of the perturbations, that can be observed by looking at the matter power spectrum. We also expect these changes to be in the order of magnitude compatible with the observed Universe. Therefore, we set the free parameters within the limits derived here up to 99% CL. The presence of c 2 s,dm > 0 decreases the amplitude on P (k), and in return w dm0 > 0 increases the amplitude of perturbations. Fig. 5 (left panel) shows P (k, z = 0) for some selected values of c 2 s,dm , w dm0 and w dm1 . In general, we notice that w dm0 influences more the amplitude than c 2 s,dm , causing a net increase in the amplitude of the matter power spectrum. On the right panel, we show the relative difference from the ΛCDM model, where we see that on non-linear scales the difference keeps on growing, and a detailed description therein requires the consideration of more elaborative WDM models, see [17] for a general discussion.
D. Bayesian model comparison
In the present work, we have analyzed two extended models of the standard ΛCDM model. Thus, apart from parameter estimation investigated here with the data combinations under consideration, it is important to perform a statistical comparison of considered models with a reference model. For this purpose, we use the Akaike Information Criteria (AIC) [71, 72] , defined as
where L max is the maximum likelihood function of the model, and N is the total number of free parameters in the model baseline. To compare a model i under consideration with a reference model j (well-known best-fit model), we need to calculate the AIC difference between two models, i.e., ∆ AIC ij = AIC i − AIC j . This difference can be interpreted as the evidence in favor of the model i compared to the model j. As argued in [73] , one can assert that one model is better than the other if the AIC difference between the two models is greater than a threshold value ∆ threshold . According to thumb rule of AIC, ∆ threshold = 5 is a universal value of threshold regardless to the properties of the model considered for comparison. It has been mentioned in [74] that this threshold is the minimum AIC difference between two models to strongly claim that one model is better compared to the other model. Thus, an AIC difference of 5 or more favor the model with smaller AIC value. Table V summarizes the ∆AIC values of the models under consideration for all the data combinations. We see that the standard ΛCDM model is strongly favored over the ΛWDM model with all data combinations except with CMB + BAO + HST where the AIC difference is much less than threshold value. Similarly, with the first three data combinations, the standard ΛCDM model is strongly preferred over Λ ν WDM model whereas with the joint analysis, the Λ ν WDM model is favored over the standard ΛCDM model. It is important to note that in addition to the free parameters due to extended properties of DM, here in Λ ν WDM model, we have additional parameters due to the neutrinos properties. Also, the data sets of HST, CFHTLenS and Planck-SZ, are all in tension with the ΛCDM model up to 99% CL. Thus, it is not surprising to observe possible evidence for some new physics beyond the ΛCDM via the bayesian model comparison in the presence of such data. On the other hand, the possible existence of systematic effects on these data is not yet well determined, possibly causing the tension with ΛCDM. Therefore, the use of these data is important to study the extended models of ΛCDM, such as the ones considered in this work.
V. CONCLUDING REMARKS
The presence of DM plays a crucial role in explaining the current cosmological data wherein it is almost impossible to explain the origin of CMB and LSS without the presence of this dark component. Despite being a key ingredient in modern cosmology, the nature of DM is one of the most open questions in contemporary science, and its general properties like spin, mass, interaction cross section, lifetime, etc, are not yet completely closed for study via phenomenological attempts.
In the present work, we have investigated two extensions of the ΛCDM model with the extended properties of DM and neutrinos: a possible time dependence of the equation of state (EoS) of DM via CPL parametrization, and the non-null sound speed. Analyzing these properties by the data summarized in section III, we have imposed new and robust constraints on the extended free parameters of DM. From all the analyses carried out here, we have found that the EoS parameter as well as the sound speed of the DM are non-null at 68% CL, but no significant evidence can be stated for the warmness of DM via these parameters since their statistical ranges are too close to the null value, and we conclude here that DM is consistent with the minimal ΛCDM model, as a pressureless fluid. Within the ΛWDM model, the constraint on the EoS parameter of DM is more closer to the null value while a weaker constraint is observed on the sound speed, when compared to results in the literature. On the other hand, within the Λ ν WDM scenario, the constraints are more weaker on both the extended properties of DM. Also, the neutrinos properties do not present significant correlations with DM extended parameters. We have estimated the warmness of DM particles as well as its mass scale, and found a lower bound: ∼ 500 eV -600 eV, compatible with the Tremaine-Gunn bound and other such limits found in the literature.
As argued in [75] , and recently extended and welldetermined in [76] , the presence of a medium with nonzero shear viscosity, can lead the propagation of the gravitational waves to dissipation due to damping effect. It could be interesting to study DM extended properties that can induce possible effects of shear viscosity, and investigate its limits using gravitational wave physics.
